Our experience with homograft replacement of the aortic valve now includes 175 patients operated on over a period of almost three years, and we have come to aceept this method as the best surgical treatment for aortic incompetence and for calcific aortic stenosis.
As others continue to use a ball valve prosthesis, it is important to analyse the results with the homograft valve, paying particular attention to the follow-up period. All patients operated on in this way during the first two years from the inception of this technique in August 1962 have therefore been reviewed: with two exceptions, all survivors have been followed from four to 28 months from the time of operation. Post-operative cardiac catheterization has been performed in 21 patients operated on early in the series. The first 44 patients were included in an earlier account of this subject (Barratt-Boyes, 1964) .
CLINICAL MATERIAL
The present series comprises 101 patients, 52 with dominant aortic incompetence and 49 with calcific aortic stenosis.
In the incompetence group, 11 patients had also mild to moderate stenosis; seven of these valves were fairly heavily calcified, and four had ascending aortic arch aneurysms which were excised at the same operation (two due to a localized thoracic dissection and two syphilitic). Ten patients had mitral valve disease requiring surgical attention (five had stenosis and five incompetence), and one of these had severe tricuspid incompetence in addition.
In the stenotic group, many had associated aortic diastolic murmurs, but in only four was incompetence significant, and one further patient had mitral stenosis. All the aortic valves in this group were calcified and were not suitable for simple valvotomy or sculpturing, and many were bicuspid. In one patient there was an additional severe supravalvular aortic stenosis which required a large elliptical teflon insert for its relief, and it was necessary to suture the homograft valve to teflon at this point.
Other associated lesions were recognized in 54 of the 101 patients. Coronary artery disease was not considered a contra-indication to operation, provided the aortic valve disease was also severe. It was probably present in eight patients in the stenotic group, where there was a convincing history of previous myocardial infarction, and possibly also in many others, including five patients with a complete bundle branch block and one with an intermittent complete heart bloCk. One 45-year-old woman with moderate aortic incompetence and complete left bundle branch block had a history of severe angina of effort from the age of 14 years: angiocardiography had demonstrated complete occlusion of the left coronary artery origin which was confirmed at operation. Essential hypertension was a prominent feature in the histories of two patients with aortic stenosis and two with incompetence. In one of the latter, uncontrollable congestive heart failure was present, and the incompetence was moderate rather than severe. In addition to severe aortic valve disease one patient had coarctation of the aorta, and another had an abdominal aortic aneurysm. Impaired renal function was noted in 15 patients, with a blood urea above 100 mg./ 100 ml. in several: in some, chronic severe congestive heart failure may have been the prime cause of the renal derangement and high blood urea. However, no patient was refused operation because of reduced renal function. Other conditions included diabetes in two patients, thyrotoxicosis in one, and myxoedema in one.
Cardiac surgery had been performed previously in six patients. Five of these had had aortic valve surgery (two had decalcification and three insertion of artificial leaflets) and one a closed mitral valvotomy. 495 Of the 42 patients with isolated aortic incompetence, two had moderate incompetence only and both have already been mentioned, namely, a 41-year-old woman with occlusion of the left coronary artery and angina decubitus and a 52-year-old man with essential hypertension. Both were in uncontrolled congestive heart failure, and valve replacement was performed to improve their symptomatic state. All other patients in this group had severe incompetence, including those with grade 2 symptoms. In the isolated aortic stenosis group, all 48 patients had severe stenosis on clinical grounds. In the multivalvular group every patient had been in heart failure, requiring a full medical regime for control. In six of the 11, the aortic valve lesion was moderate (five incompetent, one stenotic), the mitral valve disease being dominant.
The age of the patients is listed in Table II The chest radiograph revealed a cardio-thoracic ratio of 50 or less, and therefore within the normal range in 24 patients (three with incompetence and 21 with stenosis); a ratio of 51 to 59 in 36 patients (16 with incompetence and 20 with stenosis); and of 60 to 75 in 41 patients (33 with incompetence and eight with stenosis).
Cardiac catheterization was not performed in any patient with isolated aortic incompetence, because diagnosis and assessment of severity were both possible on clinical grounds alone. The same was largely true in isolated stenosis, although in 17 such patients with severe stenosis, catheterization was considered necessary either because of unimpressive left ventricular hypertrophy or absence of valve calcification, or occasionally to exclude associated significant mitral valve disease. It was also undertaken in seven of the 11 multivalvular disease cases in an attempt to establish or quantitate the severity of the various lesions.
TECHNIQUE
Homograft aortic valves were collected usually within 12 hours of death. but longer periods were accepted when the body had been refrigerated and there was no infection. Most donors were under 50 years, but in a few instances valves from older donors were collected, if the cusps looked normal, for use in older patients. Sterile collection was insisted upon initially, but, because of its many difficulties, this has since been abandoned in favour of unsterile collection by the pathologist and sterilization within 12 hours using beta propiolactone. (Barratt-Boyes, 1965a) .
A median sternotomy incision was used except when the mitral valve also required attention, when the approach was through a modified right anterolateral incision (Barratt-Boyes, 1965b) . Heart-lung by-pass flows varied from 2 to 2-4 l./m./min., and the nasopharyngeal temperature was lowered to 30°C. The machine was primed with a mixture of 2 parts of fresh heparinized blood to one part of 5% glucose containing 5 g. of serum albumin per 100 ml. In six patients arterial return from the machine was into the ascending aorta rather than the external iliac artery, because of marked atheroma of the iliac arteries (three patients), an abdominal aortic aneurysm, an aortic coarctation, or in the remaining patient an aortic dissection from the iliac cannula site during the cooling phase of the perfusion. In 86 of the 101 patients, both coronary arteries were perfused continuously at 30°C. through self-sealing coronary artery cannulae. In one patient aged 45 years the left coronary was completely occluded; the right coronary was absent in two, and in one other was pinhole in size from luetic aortitis. In 10 patients with an average age of 65 years the right coronary ostia could be cannulated but not perfused, presumably because of atheromatous occlusion of the vessel.
The homograft valve was inserted using a circular suture line below the cusps and a scalloped suture line above, as previously described (Barratt-Boyes, 1964 and is described, along with other details, in a separate paper (Barratt-Boyes, 1965a) .
In the four patients with frank aneurysms involving the whole of the intrapericardial portion of the ascending aorta, the aneurysm was completely excised and the aorta reconstituted by direct end-to-end anastomosis, the heart being pulled upwards to the distal aortic stump. Associated mitral valve surgery consisted of open mitral valvotomy in five patients, repair of a ruptured chorda in one, and complete mitral valve replacement in five (four Starr-Edwards ball valves and one mitral homograft).
Antibiotics were administered for two weeks postoperatively, and anticoagulants were not used except in the four patients with a Starr-Edwards mitral prosthesis, since it was felt that clot would not form on the homograft valve tissue or suture lines. Intermittent positive-pressure breathing was used twice only. Base was very rarely given post-operatively, and was not added to the priming blood. Mannitol was given during and after perfusion in patients with poor renal function early in the series as prophylaxis against renal failure but was rarely used later.
RESULTS
HOSPITAL MORTALITY AND MORBIDITY The hospital mortality includes deaths up to three months from operation and is listed in Table III . The mortality was 4-4% for the 90 patients with isolated aortic valve disease and 6% for the total series. It rose from 2A4% in the 42 patients with aortic incom- Table VI . There have been eight deaths three and a half to 13 months post-operatively,withnecropsy in all cases. An aortic early diastolic murmur was present in five of these eight patients, but incompetence was minimal and unrelated to death except in one man aged 66 years. In this patient there was no diastolic murmur until a few days before death, when severe aortic incompetence appeared, leading to acute left ventricular failure. Necropsy showed that this was due to detachment of two of the aortic leaflets at one commissure, at which point the cusps had undergone fibrinoid degeneration with a marked foreign body giant cell reaction. This valve had been obtained from a 63-year-old accident victim and was sterilized in beta propiolactone and freeze-dried before use. The detailed aortic valve pathology in this patient, and in the other seven where the aortic leaflets were well preserved, is contained in a separate report (Smith and Barratt-Boyes, 1965) . Recent myocardial infarction was the cause of death in three patients, two of whom had made excellent progress until this time, but in one intermittent complete heart block was present before and after operation, and a moderate coarctation remained untreated. In the remaining four patients the only significant finding was widespread narrowing of small muscular coronary arteries by fibro-elastic intimal thickening in assocation with numerous localized areas of myocardial fibrosis. The youngest of these patients developed congestive heart failure six months after operation, with progressive cardiomegaly. There was no aortic diastolic murmur or other valve pathology. The second patient aged 29 group.bmj.com on June 25, 2017 -Published by http://thorax.bmj.com/ Downloaded from required re-operation at four months for recurrent aortic incompetence due to a peripheral leak between the homograft and the aortic wall. A second homograft was inserted without incident, but he died suddenly at home one month later when apparently well. The two older patients were also progressing well, with impressive reduction in heart size, at the time of sudden death. Some other necropsied hearts in this series have shown these microscopic features, but to a less marked degree. The detailed pathology in these cases is the subject of a separate report (Smith, 1965) .
There has been striking symptomatic improvement in 82 of the remaining 85 traced patients. One 66-year-old man developed complete heart block six months post-operatively, and two patients had symptoms from residual severe aortic incompetence: both of these have had a second homograft valve inserted with complete symptomatic relief. Sixty-eight patients were symptom-free, five complained of slight effort dyspnoea, three had (in addition to dyspnoea) moderate effort angina which was less than before surgery and thought to be due to coronary artery disease, and three had palpitations from persistent ectopic beats as their only complaint. One patient with associated hypertension was greatly improved from his bedridden pre-operative state but still had effort dyspnoea and occasional paroxysmal nocturnal dyspnoea. A small cerebral embolus has been recognized once in a patient with a Starr-Edwards mitral valve in addition to a homograft aortic valve. The symptoms present in the 21 catheterized patients are included in Table VII. The electrocardiogram has shown improvement in the degree of left ventricular hypertrophy in the great majority of patients, and where the follow-up extended for a year or more it had frequently returned to normal. Where little or no change had occurred this could sometimes be correlated with residual valve pathology (either aortic or mitral) or to a pre-existing conduction defect; when these factors were absent there might be a persistent abnormality in the myocardium (Kelly, 1965) . The electrocardiographic changes in the 21 catheterized patients are included in Table VII. An analysis of the reduction in heart size on the routine chest radiograph one year or more after operation was possible in 43 patients, and for the 21 catheterized patients these data are included in Table VII. In the aortic incompetence group, 21 of 24 showed a reduction in heart size, while three, each with only minor cardiac enlargement before operation, showed little change. In the 19 patients with stenosis, seven with small hearts were unchanged and 10 showed a reduction in size. In two patients, however, there was a post-operative increase in the cardio-thoracic ratio related in one to the spontaneous appearance of complete heart block six months after operation. In the other patient (case 29, Table VII) the explanation was not clear although function studies indicated an abnormal myocardium (Kelly, 1965) .
Homograft valve incompetence has been assessed on clinical grounds as trivial when the only finding was an aortic early diastolic murmur; as mild when there was, in addition, a slightly jerky pulse but a pulse pressure within the normal range; as moderate when there was also some widening of pulse pressure; and as severe when the peripheral pulse was bisferiens or waterhammer in type. All patients with mild or moderate residual incompetence showed a radiological reduction in heart size, most showed some electrocardiographic resolution, and all claimed symptomatic improvement, usually striking. In 10 of the 21 catheterized patients with aortic diastolic murmurs (Table VII) indocyanine. green was injected at varying levels in ascending and descending thoracic aortae, and the indicator dilution curves were recorded from the left ventricle and the right ear. A regurgitant fraction was not detected in any of these patients, although on the clinical criteria listed two (cases 17 and 35) had mild incompetence. Angiocardiography was not used in this study, but in two subsequent patients with moderate early diastolic murmurs classified clinically as trivial incompetence the amount of dye regurgitating into the left ventricle was also minimal.
The incidence of aortic incompetence at the time of review in the 93 traced patients is given in Table VIII. In the 44 patients with calcific aortic stenosis seven of the 15 with trivial residual incompetence developed the diastolic murmur from three to 12 months after discharge from hospital, but none has shown subsequent progression; in four patients an early diastolic murmur present at the time of discharge later disappeared. Of the stenotic group only two patients had significant residual incompetence (4%). In one the leak was moderate but re-operation was undertaken because of disproportionate residual symptoms; the homograft was partially detached peripherally and was replaced without incident. The second patient suddenly developed severe incompetence six months after operation and has already been detailed in the late mortality; the incompetence was due to a torn cusp.
In the 49 patients presenting for operation with aortic incompetence four of the 18 with a trivial residual leak developed the murmur after discharge from hospital and one murmur disappeared during the follow-up period. Residual incompetence was mild in six, moderate in four, and severe in three patients. In seven patients there was therefore a significant reflux through the homograft valve (14%), although none in whom this was moderate has required re-operation, because symptoms were absent or minimal and cardiomegaly had regressed. However, the three patients with severe incompetence have all had a second homograft valve inserted without technical difficulty. In one of these patients the diastolic murmur first appeared at 18 months, and incompetence rapidly increased and was followed by congestive heart failure. At re-operation six months later one cusp had torn away from its upper point of attachment. This valve was collected sterile from a 22-year-old accident victim two hours after death and freezedried. The cusp may have been weak at the point of rupture, for it was noted to have verynumerous fenestrations. The only abnormal microscopic finding in these cusps was a small area of fibrinoid degeneration adjacent to the tear without any cellular reaction. In the other two patients the incompetence was due to partial peripheral detachment of the homograft; one patient died one month after re-operation (see late mortality), but the other is well.
Homograft valve stenosis was not recognized clinically in any patient, although a mild to moderate ejection systolic murmur was usually present, often maximal towards the apex. This has been assessed in 21 patients 12 to 25 months after operation, when left ventricular pressures were obtained by a retrograde arterial approach from the right radial or brachial artery and the arterial pressure was monitored from a left brachial artery catheter. Left ventricular and brachial artery pressures were recorded simultaneously on equi-sensitive transducers while resting and after 2Q the infusion of isoprenaline. A venous catheter was passed to the right atrium or pulmonary artery for dye injection, and cardiac outputs were calculated using the Stuart Hamilton method. In 10 patients aortic incompetence was assessed by dye dilution curves as previously detailed. The systolic pressure gradient across the valve in these 21 patients is listed in Table VII. There was no resting gradient in 13 patients, and in the remainder it reached a maximum of 22 mm. Hg; three of these patients had a gradient present at the end of operation. After isoprenaline administration a small gradient appeared in three, and in half the patients with a resting gradient there was a further increase, slight in three but reaching 86 mm. Hg in one patient. The homograft valve in this man (case 8), the second to have this operation for calcific aortic stenosis, had been recognized to be too large for his rather small aorta, and this error in technique has been avoided subsequently. Despite the residual gradient, the electrocardiogram returned to normal within six months of operation although moderate angina of effort remained. The cardiac index was slightly below the normal range in four of the 21 patients (cases 4, 8, 11, and 14) , and in the 11 where it was also measured immediately after isoprenaline infusion it rose an average of 0-8 1./M.2 (range 0-2 to 15 L./m.2). The left ventricular end-diastolic pressure was raised in two patients (cases 4 and 29) to 14 and 16 mm. Hg respectively, and in both there was persistent cardiomegaly (Table VII) and poor myocardial function (Kelly, 1965) .
Clinically significant mitral incompetence was present at the time of review in four patients, mild in three and moderate in one. Only one of these patients had had the mitral valve operated upon, the remaining 10 in the multivalvular group having no significant residual mitral lesion.
The final assessment in the 101 patients, after the second operation performed in four for residual aortic incompetence, is given in Table IX . In 79 of the total the result was considered most gratifying, although it was classified as good rather than excellent in the 28 patients with trivial aortic incompetence; it was satisfactory in the six with mild incompetence, the one patient known to have mild stenosis, and the two patients known to have a raised left ventricular end-diastolic pressure. In six patients the result was considered less than satisfactory because of moderate aortic incompetence in four and complete heart block in two. One of these patients, with a surgically produced heart block which is well controlled with an implanted pacemaker, also had moderate mitral A total of 12 homograft valves have now been examined microscopically for varying periods from three to 24 months after insertion: with the exceptions just noted, all have shown remarkable preservation of the collagenous and elastic tissue (Barratt-Boyes, 1964; Smith and Barratt-Boyes, 1965) . This means that there is no good evidence from our material that post-operative incompetence is related to the use of beta propiolactone or to freeze-drying, and for this reason the most convenient method of valve preparation (unsterile collection with beta propiolactone sterilization and subsequent freeze-drying) has become routine (Barratt-Boyes, 1965a).
The only other complication, in addition to aortic incompetence, which requires mention is complete heart block. Any technique in which suturing is required below aortic cusp level endangers the bundle of His where it penetrates the right fibrous trigone beneath the non-coronary aortic cusp and passes forwards immediately below the membranous ventricular septum. Fortunately, in these first 101 patients, surgically induced permanent heart block has occurred once only and theoretically should be avoidable. When part or all of the non-coronary aortic sinus region must be removed to narrow down the aortic ring additional care must of course be exercised.
Re-operation has been undertaken in four patients in this series with residual aortic incompetence and it has not proved technically difficult to insert a second homograft valve. In two, the non-coronary sinus region and adjacent aortic ring were excised at this second operation to reduce the diameter of the outflow, and in all cases the aortic incompetence was successfully corrected. Three of these patients are now symptom-free, but one died unexpectedly one month later.
There have been eight late deaths in this series of patients; only one of these was due to recurrent aortic incompetence, and in the remaining seven death was apparently secondary to coronary artery disease. Among these, in three there was an atheromatous occlusion of a large coronary artery with recent myocardial infarction, but in four the only abnormality was a diffuse narrowing of the small coronary arteries by fibro-elastic intimal thickening associated with numerous areas of myocardial fibrosis (Barratt-Boyes, 1964; Smith, 1965 (Kelly, 1965 shown to have reduced myocardial function; this correlates well with poor resolution of left ventricular hypertrophy in the electrocardiogram, persistent cardiac enlargement on the chest radiograph, and, when present, with an elevated left ventricular end-diastolic pressure. These findings and the disturbing histological features noted above may indicate that surgical correction of a severe aortic valve lesion should be undertaken earlier than has been the practice to date, particularly when severe aortic incompetence is present.
In one patient in this series partial aortic valve replacement, using a single homograft cusp, was all that was required to correct aortic incompetence secondary to bacterial endocarditis. Although total valve replacement is usually needed in these circumstances, single cusp replacement is the treatment of choice in severe aortic incompetence with ventricular septal defect, and the use of a homograft cusp should be seriously considered in such patients.
SUMMARY AND CONCLUSIONS
The first two years' experience with homograft valve replacement at Green Lane Hospital has been reviewed. In most cases the homograft valve was sterilized with beta propiolactone and preserved by freeze-drying.
The series consists of 101 patients, and the follow-up extends from four to 28 months. The great majority of patients had advanced disease, often with additional abnormalities, including four with ascending aortic arch aneurysm and 11 patients requiring simultaneous mitral valve surgery. Twenty-one patients were in congestive heart failure at operation, and 53 were in the sixth and seventh decades.
The hospital mortality was 6%', rising from 2A4% in isolated aortic incompetence to 6% in isolated aortic stenosis and to 18% in multivalvular disease. Permanent complete heart block was produced at operation in one patient.
Follow up was complete in 93 of the 95 surviving patients, and cardiac catheterization was performed in 21 patients. In the catheterized group, only one patient had significant residual stenosis, and in most there was no gradient across the valve.
An aortic diastolic murmur was present in 48, and in 15 of these residual aortic incompetence was considered significant (mild in six, moderate in five, and severe in four). Re-operation was successfully undertaken in some of this group. The incompetence was shown to be due to tearing of homograft cusps in two patients and to a peripheral leak in three, and it was probably caused by overstretching of too small a valve in most of the remainder.
There were eight late deaths, one due to recurrent aortic incompetence and seven to coronary artery disease, the nature of which was unusual in four patients.
With one exception, all 85 traced long-term survivors were either free of symptoms or had shown marked symptomatic improvement, and in 79 the result was considered to be very satisfactory.
In conclusion, it appears from this analysis that the homograft aortic valve may, at this stage in development, be the replacement of choice in aortic valve disease, for it has not resulted in stenosis or embolization or infection, and longterm anticoagulants are not required. Although rupture of homograft cusps has occurred twice as a late complication, emphasizing that caution is still required in assessing the long-term results and the method of valve preparation, it appears that residual aortic incompetence, which has proved to be the only significant complication apart from the rare production of complete heart block, is almost entirely the result of errors in technique and should be largely avoidable in future.
